The scalar and tensor dynamic polarizabilities of the first excited 2 P 1/2,3/2 states of the alkali-metal atoms Na, K, and Rb are calculated using relativistic many-body perturbation theory. Comparison with experimental measurements of the static polarizabilities suggests that the errors in the theoretical predictions do not exceed 1%. The dynamic polarizabilities at imaginary frequencies are employed to calculate the long-range van der Waals coefficients for the interaction of ground-state helium atoms with the excited alkali-metal atoms to a probable error of less than 2%.
I. INTRODUCTION
The absorption of radiation in atomic collisions of alkalimetal atoms in their ground and excited states with helium atoms is a significant source of opacity in the spectra of L and T dwarf stars and extrasolar planets [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , and the diffusion of excited atoms in gases is responsible for lightinduced drift [11] [12] [13] . Important in the determination of the absorption and emission profiles near line centers and in the determination of the diffusion coefficients at low temperatures is the scattering at large internuclear distances R [14] . At large R, but not so large that the effects of retardation are significant, the interaction potentials decrease as −C 6 R −6 . The van der Waals coefficient C 6 can be expressed as an integral over the product of the dynamic polarizabilities of the interacting species, evaluated at imaginary frequencies. By the application of multielectron variational calculations, values of high precision have been obtained for the dynamic polarizabilities of helium [15] and the ground and excited states of lithium [16, 17] , from which accurate values of C 6 have been computed for the interaction of Li͑2 2 S͒ and Li͑2 2 P͒ atoms with helium atoms. Here we obtain dynamic polarizabilities of the excited states of Na, K, and Rb atoms and calculate C 6 for the ground-state and excited atoms interacting with helium atoms.
In Sec. II we briefly describe the main features of the method we used. The resulting excited-state polarizabilities are compared with experimental data in Sec. III. In Sec. IV we discuss the nonrelativistic reduction of polarizabilities required for calculation of the van der Waals coefficients. Finally, we present the results for the van der Waals coefficients C 6 and draw conclusions in Sec. V. Unless noted otherwise, atomic units ͑ប = ͉e͉ = m e ϵ 1͒ are used throughout.
II. ATOMIC MANY-BODY PROBLEM
Calculations in this paper rely on the representation of the van der Waals coefficient C 6 as a quadrature of dynamic polarizabilities ␣͑i͒ of two atoms forming the diatomic molecule. For a state ⌿ p it is defined as
where D z is the component of the dipole moment along the chosen z axis and E i and ⌿ i are the intermediate-state eigenvalues and eigenfunctions of the atom. High-accuracy polarizabilities were computed previously for ground-state alkalimetal atoms in Ref. [18] and for the ground state of He in Ref. [15] . In this work we employ them and additionally we compute the static and dynamic polarizabilities for excited states of alkali-metal atoms. In this section we describe the method used for computing the excited-state polarizabilities. The method of calculation of electric multipole dynamic polarizabilities for the ground states of alkali-metal atoms was described in detail in the recent paper [19] . Since the same approach is used for computing electric dipole polarizabilities for the lowest-lying excited states of alkali-metal atoms, we only briefly recapitulate the main features of the method. We applied a high-accuracy relativistic many-body method described in Refs. [20] [21] [22] . In this method the wave functions are determined by solving the many-body Schrödinger equation
where H FC is the frozen-core Dirac-Hartree-Fock (DHF) Hamiltonian and the self-energy operator ⌺ is the energydependent correction, involving core excitations. The operator ⌺ accounts for core-polarization effects. In the present calculation it recovers the second order of perturbation theory in residual (beyond the DHF potential) Coulomb interactions and additionally accounts for certain classes of many-body diagrams to all orders of perturbation theory.
The concept of the effective Hamiltonian H eff may be extended to other operators such as the effective dressed electric-dipole operator D eff . This operator is obtained within the relativistic random-phase approximation (RRPA) [21, 23, 24] . The RRPA describes a shielding of the externally applied electric field by the core electrons. The RRPA sequence of diagrams was summed to all orders of the perturbation theory.
With the wave functions obtained from Eq. (2), the dynamic polarizabilities ␣͑i͒ are computed with the Sternheimer [25] or Dalgarno-Lewis [26] method implemented in the DHF+ ⌺ + RRPA framework. Given the wave function ⌿ p and its energy E p , we find an intermediate-state "lumped" wave function ⌿ f from the inhomogeneous equation
͑4͒
Given ⌿ f the polarizability can be computed as
Only excitations of the valence electron to higher virtual orbitals are included in the intermediate-state wave function ⌿ f due to the presence of H eff in Eq. (4). An additional contribution to ␣͑i͒ comes from particle-hole excitations of the core. We incorporate the core polarizability using the RRPA method, as discussed in Ref. [18] . In the present work we neglect small contributions from so-called counterterms [18] , arising due to violation of the Pauli exclusion principle. The inclusion of core particle-hole excitations ensures the correct high-frequency behavior of the dynamic polarizability lim →ϱ ␣͑i͒ = N / 2 , N being the number of atomic electrons.
III. STATIC POLARIZABILITIES OF EXCITED STATES
To check the quality of calculations for n 2 P 1/2,3/2 states, where n is the principal quantum number equal to 3, 4, and 5 for Na, K, and Rb, respectively, we compute the static polarizabilities ␣͑0͒ and compare them with experimental data. The static polarizability of the sublevel ͉␥ , j , m͘, where j is the total angular momentum, m is its projection, and ␥ incorporates the remaining quantum numbers, can be decomposed into the scalar ␣ 0 and the tensor ␣ 2 contributions as follows:
There is a scalar contribution for both nP 1/2 and nP 3/2 states, but the tensor polarizability vanishes for the nP 1/2 states.
The resulting values of the static scalar and tensor polarizabilities of Na, K, and Rb are presented in Table I together with the results of earlier experimental and theoretical studies. We express all polarizabilities in atomic units a 0 3 . For sodium, Ekstrom et al. [27] [35] we arrive at the more accurate value of the scalar polarizability of ␣ 0 = 810.1͑8͒. We predict the 
IV. NONRELATIVISTIC DECOMPOSITION OF POLARIZABILITIES
Our ab initio relativistic many-body calculations are based on the Dirac equation. In the following analysis of the van der Waals interaction between He and excited alkalimetals we do not distinguish between n 2 P 1/2 and n 2 P 3/2 states for the alkali-metal atom and we avoid the complication of molecular potentials caused by fine-structure splittings. The simplification requires nonrelativistic polarizabilities. The nonrelativistic parallel and perpendicular dynamic polarizabilities ␣ ͑0͒ ͑i͒ and ␣ ͑+1͒ ͑i͒ = ␣ ͑−1͒ ͑i͒ of the first excited n 2 P m ͑m =0, ±1͒ states of the alkali-metal atoms at the frequency i are given by
.
͑7͒
The transition matrix elements in Eq. (7) 
We obtained the sums S l ͑͒ by decomposing the polarizability of the n 2 P 1/2 state, Eq. (1), into contributions from intermediate states with j i =1/2 and j i =3/2, ␣͑i͒ = ␣ j i =1/2 ͑i͒ + ␣ j i =3/2 ͑i͒. Then S s = ͑9/2͒␣ j i =1/2 and S d = ͑9/2͒␣ j i =3/2 .
V. LONG-RANGE INTERACTIONS
If R is the vector from the alkali-metal atom A to the helium atom B and r denotes collectively the position vectors of the electrons of atom A relative to its nucleus, the interaction potential may be written [38] [39] [40] [41] [42] [43] 
where P 2 ͑x͒ is the Legendre polynomial. The average of V͑R , r͒ for a state with projection quantum number along the internuclear axis of zero is the interaction potential V ⌺ ͑R͒ of the B 2 ⌺ state of the molecule AHe and the average over the wave function of the state with a projection quantum number of unity is the interaction potential V ⌸ ͑R͒ of the A 2 ⌸ state. Thus
For the ground state of AHe, V 2 ͑R͒ = 0 and V 0 ͑R͒ is the interaction potential of the X 2 ⌺ state. At large R, the ⌺ and ⌸ potentials vary as −C 6 ͑0͒ / R 6 and −C 6 ͑±1͒ / R 6 , respectively. For ⌺ states, C 6 is given by
and for ⌸ states by
The coefficients may be expressed in terms of the reduced sums
and
where a and b refer, respectively, to the alkali-metal atom and the helium atom. Then using the Wigner-Eckart theorem we obtain
The sums ⌫ s and ⌫ d may be evaluated from S s ͑i͒ and S d ͑i͒ by applying the identity
͑21͒
A correction must be made by separating out the downward n 2 P -n 2 S transition to give
where ␣ b ͑ ps ͒ is the dipole polarizability of He at the real energy E np − E ns . Values of high precision have been obtained for the polarizabilities of the helium atom at real and imaginary frequencies [15] and the values at ps are listed by Chu and Dalgarno [44] . We employed accurate np -ns dipole matrix elements for Na [45] , K [46] , and Rb [47] . The resulting values of C 6 ͑0,±1͒ for the alkali-metal atoms are presented in Table II . Their accuracy is a direct reflection of that obtained for the static polarizabilities and the errors should not exceed 2%.
Our calculations for the ground X 2 ⌺ molecular states correlating with He and alkali atoms in their ground states have been carried out in a similar fashion. The analysis is simplified by the absence of the downward transition. We employed high-accuracy polarizabilities for ground-state alkalimetal atoms computed previously in Ref. [18] and for the ground state of He in Ref. [15] . The resulting dispersion coefficients are presented in Table II . There are many previous less accurate estimates [48] .
VI. CONCLUSIONS
We calculated accurate polarizabilities of the first excited 2 P states of alkali-metal atoms. The polarizabilities were computed with high-accuracy ab initio relativistic manybody methods of atomic structure. The resulting static scalar and tensor polarizabilities are in excellent agreement with experimental data. We employed the computed dynamic polarizabilities to evaluate the van der Waals coefficients C 6 for the interaction of alkali-metal atoms with He. Our accurate C 6 will be useful in astrophysical applications. 
